ABSTRACT: During the second KErguelen Ocean and Plateau compared Study (KEOPS2) in October−November 2011, marine snow was formed in roller tanks by physical aggregation of phytoplankton assemblages sampled at 6 stations over and downstream of the Kerguelen Plateau. Sinking velocities, morphology, bulk composition (transparent exopolymer particles, biogenic silica, particulate organic carbon), and phytoplankton contents were measured individually on 66 aggregates to identify controls on sinking velocities. Equivalent spherical diameters (ESD) ranged from 1 to 12 mm, and the particle aspect ratios, , and were correlated with aggregate size only when considering individually the experiments conducted at each station, suggesting that a site-dependent control prevailed over the general influence of size. Variation in dominant diatom morphologies among the sites (classified as small spine-forming or chain without spines) appeared to be a determinant parameter influencing the sinking velocity (SV [m d
INTRODUCTION
In the ocean, the rain of large biogenic particles is a major pathway for the export of carbon from the surface to the interior (Suess 1980 , Fowler & Knauer 1986 , Asper et al. 1992 ). This mechanism contributes significantly to the drawdown of atmospheric carbon dioxide, and has become known as the 'oceanic biological carbon pump' (Volk & Hoffert 1985) . Substantial production of particulate organic matter (POM) in the euphotic zone is essential but not sufficient to obtain high carbon export (Buesseler 1998) . The speed at which particles settle is also a critical parameter since it determines the duration of their expo-sure to extensive physical and biological transformations (Karl et al. 1988 , Boyd et al. 1999 ) responsible for the observed attenuation of the particle flux with depth (Martin et al. 1987 , Silver & Gowing 1991 .
In the Southern Ocean, a region known to play a leading role in global climate and carbon systems (Sigman & Boyle 2000) , primary productivity is low due to phytoplankton growth restriction by a combination of iron and light limitation (Martin 1990 , de Baar et al. 1995 . These waters are described as 'high nutrient, low chlorophyll' (HNLC), and contain a large amount of unused surface macro nutrients capable of fuelling the production of high quantities of organic carbon and potentially its se questration. Against this background, like oases in deserts, some areas in the Southern Ocean are fertilized by a natural supply of iron and display remarkable seasonal biomass increases (Sullivan et al. 1993) , offering a great opportunity to investigate the controls on carbon export efficiencies in the context of iron fertilization.
This study focuses on the bloom that occurs each year between October and February over and downstream of the Kerguelen Plateau in the Indian sector of the Southern Ocean (Blain et al. 2007 ). In January−February 2005, the first KErguelen Ocean and Plateau compared Study (KEOPS1) demonstrated that the downward flux of carbon was elevated by a factor of 2 to 3 in comparison to the surrounding HNLC waters (Savoye et al. 2008) . Particle size spectra from an in situ camera demonstrated that more and larger particles were present beneath the bloom (to 400 m depth) than in surrounding HNLC waters, although a comparison to size spectra of particles collected in gel-filled sediment traps showed slower sinking velocities (Jouandet et al. 2011) , suggesting that sinking velocity was not a simple monotonic function of particle size.
According to theory and empirical studies, size is known to exert a major control on particle sinking velocity (Dietrich 1982 , Gibbs 1985 , but discrepancies in the size−sinking velocity relationship are often reported, and other parameters (e.g. particle composition or structure) can prevail over size in the control of the sinking velocity, as previously noted (Diercks & Asper 1997 , Engel & Schartau 1999 , Iversen & Ploug 2010 . While extensive study of these parameters has verified their importance, it has also turned out to be difficult to define a limited number of parameters suitable to predict carbon export accurately -something that would be of considerable use in computationally expensive models of ocean biogeochemical cycling. Among these parameters, the shape (McNown & Malaika 1950 , Alldredge & Got schalk 1988 , porosity or compactness (Kajihara 1971 , Iversen & Ploug 2010 , permeability (Matsumoto & Suganuma 1977) , fractal structure (Johnson et al. 1996 , Engel et al. 2009 ), content of high density minerals (Armstrong et al. 2001 , Klaas & Archer 2002 , Passow & De La Rocha 2006 or low density particulate polysaccharides (Engel & Schartau 1999 , Azetsu-Scott & Passow 2004 , phytoplankton species (Passow 1991 , Padisák et al. 2003 and their physiological state (Bienfang et al. 1982 , Waite et al. 1992 , Muggli et al. 1996 or individual organism size (Boyd & Newton 1995 , Waite et al. 1997a ) have been proposed as potential controls of particle sinking velocity. Due to this high complexity and the absence of clear controlling factors provided by empirical research, most biogeochemical models have no other alternative than simple sinking velocity parameterization (e.g. constant or size-dependent). Several modelling studies have focused on the sensitivity to sinking velocity para meterization, testifying to the awareness that im provements are needed and that more complexity needs to be added to the models (Gehlen et al. 2006 , Kriest & Oschlies 2008 , 2013 , Losch et al. 2014 . Here, we investigate a comprehensive set of morphological and compositional parameters in a single study to identify potential influences on particle sinking velo city and to develop a possible explanation for the in consistencies often observed between sinking velo city and particle size, offering a potential alternative for biogeochemical model parameterization.
Theory
We refer the reader to the classic textbook on fluid dynamics from Batchelor (1967) for further details on the theory of particle sinking velocity.
For a sphere settling in a fluid, the immersed weight (W i ) is the difference between the force of gravity acting downward and the buoyancy force acting upward, and is given by (e.g. Komar & Reimers 1978) : (1) where D is the diameter of the sphere, ρ s and ρ f are the sphere and fluid densities, respectively, and g (9.81 m s −2 ) is the acceleration due to gravity. The Reynolds number (Re; Reynolds 1883) is the parameter that determines a flow field for boundaries of a given form and is given by:
where U s is the sphere sinking velocity and ν is the kinematic viscosity of the fluid. Particles termed 'marine snow' are large aggregates (> 0.5 mm) formed by physical aggregation of phytoplankton and miscellaneous debris: mostly fecal pellets, inorganic particles and zooplankton feeding structures (Alldredge & Silver 1988 , Alldredge & Gotschalk 1990 ). Because of their large size and potentially high sinking velocity (Alldredge & Silver 1988) , the settling of marine snow aggregates in the water column occurs at Re > 0.5 (Alldredge & Gotschalk 1988) . In these conditions the drag force F D is proportional to the square of the velocity:
where U agg is the sinking velocity of the aggregate, C D is the drag coefficient (an empirical proportionality coefficient between F D and U 2 agg ) and A is the projected area of the aggregate in the direction of motion. At terminal velocity, the drag force is balanced by the immersed weight giving a force balance equation which, after algebraic manipulations, leads to a general expression for the sinking velocity:
where Δρ is the aggregate excess density calculated as the difference between aggregate density and seawater density (ρ sw ). In this equation, applicable to all Reynolds numbers, the drag coefficient is a complex function of both aggregate shape and Reynolds number. For simplicity, we refer to Eq. (4) as the 'general sinking velocity model' in the rest of the text.
Considering a small perfect sphere settling through a quiescent fluid and assuming that the inertial forces are negligible compared to viscous forces, G. G. Stokes solved in December 1850 the low Reynolds number limit of the Navier-Stokes equations (Stokes 1851), and obtained a simplified expression of the drag force:
where μ is the dynamic viscosity of the fluid. Again, at terminal velocity, the immersed weight equals the drag force yielding the Stokes expression:
In this expression, the properties of the sphere influencing its settling velocity are only the density and the diameter. Because of the assumptions made by Stokes, Eqs. (5) & (6) are only valid at small Reynolds number, empirically found to apply to Re < 0.5 (Graf & Acaroglu 1966 , White 1974 , Komar & Reimers 1978 .
By comparing the general model (Eq. 4) to its particular case represented by the Stokes' expression (Eq. 6), one can notice that the settling velocity has a weaker dependence on size in the general model since the diameter is raised to the power of 0.5, rather than 2 as in the Stokes' law.
In Fig. 1 we plot various empirical and theoretical data of sinking velocity versus size for marine snow, from the present study and others using different methods and approaches. Since these studies were carried out over a range of different water temperatures and salinities, we investigated whether temperature and salinity variations could contribute significantly to sinking velocity variations through their influence on seawater dynamic viscosity (μ) and density (ρ sw ). Stokes' law predicts that, at a fixed aggregate porosity and solid content density (e.g. 99% porosity and ρ sol = 1170 kg m −3 , corresponding to 30% transparent exopolymeric particles [TEP] , 20% biogenic silica [BSi] , and 50% particulate organic matter [POM] in solid content), a temperature increase from 2 to 20°C or a salinity decrease from 34 to 2 would lead respectively to a 40 and 20% increase in the sinking velocity. It is very likely that the differences between the studies did not exceed these very large range of temperature and salinity variations, and given that Fig. 1 is a log−log plot, the effect of temperature and salinity changes on the sinking velocity can reasonably be neglected here.
Overall, the data suggest a relatively weak dependence of sinking velocity on particle size both when considering the whole dataset or each study separately. The general model gives to size a weaker control on sinking velocity and a stronger dependence on drag and excess density influenced by particle structure and composition; our calculations show that the general model provides a better representation of the observations for large particles than the usual Stokes' law ( Fig. 1 ). In combination with porosity increasing with size according to a fractal scaling known to apply to marine snow, and using the formula proposed by Logan & Wilkinson (1990;  see 'Materials and methods: Measurement of aggregate morphology and structure'), the general model shows poor size−sinking velocity correlation for the large particle size range (Fig. 1, line 2) . Based on this, it appears that particle structure, morphology and composition could prevail over size in the control of sinking velocity via a control on particle drag and excess density. ); large black square: specific conditions of the models, fixing the initial drag characteristics of the particle (ESD 0 = 1 mm and SV 0 = 100 m d Calif.: California; n/a: not applicable Aggregate morphological and structural properties likely to control excess density and drag are numerous, and the combined effects of these 2 parameters make their relative influence on the measured sinking velocity hard to distinguish. The drag experienced by a particle might be the result of several parameters, including shape, permeability, and surface roughness, while excess density depends on aggregate composition and compactness (i.e. poro sity). The influence of macroscopic shape, permeability, and surface roughness on the sinking velocity have been investigated in the theoretical, experimental, and engineering fields, on natural and artificial particles, but these parameters have generally been described as poor contributors to the sinking velocity (Williams 1966 , Achenbach 1974 , Matsu moto & Suganuma 1977 , Baba & Komar 1981 , Alldredge & Gotschalk 1988 , Li & Logan 2001 , Li & Yuan 2002 .
The excess density of a marine snow aggregate depends on the density and volume fraction of its solid components (mostly phytoplankton cells in the case of diatom marine snow) and how tightly they are assembled, giving more or less inner space filled by seawater, defined as the porosity (e.g. De La Rocha & Passow 2007). To our knowledge the species-specific effect of phytoplankton on the alteration of the size− sinking velocity relationship of marine snow aggregates has not been studied to date. We tested here the possible combined effects of varying phytoplankton assemblages on aggregate sinking velocity via ballast effect (Engel et al. 2009 ) and control on aggregate structure, assuming species-specific aggregate compactness, based on aggregation experiments of phytoplankton cultures (Iversen & Ploug 2010) .
Experimental setup
We focused on marine snow aggregates, a major component of the vertical flux of organic carbon (Fowler & Knauer 1986) . They represented the main numerical fraction of the flux during KEOPS1 (Ebersbach & Trull 2008) and KEOPS2 (Laurenceau et al. 2014) , and could represent an efficient way to export carbon over the Kerguelen Plateau if they sink rapidly enough to reach the deep ocean before being consumed or remineralized. Because it is difficult to record in situ the sinking velocity of natural marine snow (Alldredge & Silver 1988) , we took an experimental approach. Marine snow aggregates were formed in rotating cylindrical tanks following the method developed by Shanks & Edmonson (1989) . In contrast to the majority of roller tank experiments using phytoplankton cultures, we incubated various natural mixtures of phytoplankton sampled carefully from Niskin bottles to produce aggregates as close as possible to those forming in the water column at different sites. This 'roller tank' technique allows the particles to sink continuously as they would in the water column, and thus to aggregate mainly by differential settling (after a short period of shear during the initiation of solid-body rotation), in which fast-sinking particles scavenge suspended and slower-sinking particles. Thus, the technique minimizes the influences of the 2 other main mechanisms forming marine snow in natural environments: (1) shear, which can also cause disaggregation, and (2) brownian motion, which dominates the collision rate for small (<1 µm) particles (McCave 1984 , Burd & Jackson 2009 ).
Once macroscopic aggregates had formed, they were photographed and their sinking velocities measured. Bulk chemical compositions were determined and the abundances of organisms within the aggregates were examined using light microscopy. To test our hypothesis, all aggregate properties needed to be explored as potential controls of the sinking velocity. Data were thus evaluated in terms of morphological, chemical and biological relative influences on the sinking velocity.
To evaluate the oceanic applicability of the results determined in the roller tank experiments, we compared our aggregates with natural aggregates collected at the same time using polyacrylamide gelfilled sediment traps which allow the sampling of intact particles as they exist in the water column (Jannasch et al. 1980 , Ebersbach & Trull 2008 , Laurenceau et al. 2014 .
MATERIALS AND METHODS

Study site and sampling
This work was conducted during the second KErguelen Ocean and Plateau compared Study (KEOPS2) onboard the RV 'Marion Dufresne' from 8 October to 30 November 2011, over and downstream of the Kerguelen Plateau. One of the major purposes was to characterize the downward particle flux by the use of sediment traps and identify the physical and biological controls on the efficiency of carbon export.
In the present work, duplicate sampling was conducted at 6 stations ( Fig. 2) at surface (20 and 30 m) and deeper layers (65, 80 and 150 m) of high and moderate biomass according to CTD calibrated fluorescence profiles. Stations (Stns) E-3, E-4W (west), E-4E (east), and E-5 formed a time series within a moderate biomass, eddy-like, bathymetrically-trapped recir culation feature in deep waters east of the Kerguelen Islands. Stns F-L and A3-2 were respectively in a region of elevated biomass near the Polar front and at the Kerguelen on-plateau bloom reference station of KEOPS1 (A3). Seawater was sampled using 12 l Niskin bottles mounted on a CTD rosette frame. At each station the whole content of 2 Niskin bottles was transferred into a clean 30 l carboy to avoid any undersampling of particulate organic matter from the Niskins. Sampling was repeated at 2 different depths at each site (2 carboys per station). The carboys were stored in darkness for 1 d to initiate phytoplankton senescence.
Roller tank experiments
Carboy contents were poured into 10 l transparent cylindrical tanks cleaned previously with 2 ‰ alkaline detergent (Decon) and washed 3 times with extra sampled seawater. At each station, 4 cylindrical tanks (2 duplicates by depth, except at E-4E where deeper layers were not sampled) were placed on a rolling table at a constant speed of 0.66 rpm and kept in darkness during the entire duration of the incubation. All experiments were conducted at a temperature of 10°C. To obtain sufficient millimeter sized aggregates to perform the chemical measurements on individual aggregates, incubations lasted from 1 to 4 d.
Measurements were conducted on 3 aggregates per tank (12 aggregates per experiment). When possible, aggregate selection was made in order to capture large variations of size, shape (e.g. spherical to elongated), and compactness (e.g. compact to loose). In each experiment, 6 aggregates were used for chemical measurements and 6 preserved in Lugol's solution for post-cruise microscopic observations in the laboratory.
Measurement of aggregate morphology and structure
At the end of the incubation, the tanks were removed from the rolling table and carefully rotated 90° to allow the aggregates to settle to the bottom. The maximum length of the 3 aggregates selected per tank was measured optically. Each aggregate was photographed through the bottom of the tank with a high-resolution Canon Powershot G12 camera (1 pixel ≈ 20 µm). The images were thresholded to create binary images and processed using the US National Institutes of Health free software, Image J (Abràmoff et al. 2004 ). The minimum length was taken to be the minimum axis of the ellipse fitted to the shape by the software. The aspect ratio (AR) was calculated from the ratio between smallest and largest axes of the fitted ellipse. The commonly used Corey shape factor (CSF) (Corey 1949 , McNown & Malaika 1950 ) re presenting particle flatness (low val- ues of CSF corresponding to flat particles) was also used as a shape descriptor. The equivalent spherical diameter (ESD) and volume of aggregates were calculated from the projected area, assuming a sphere. We characterized the fractal structure of our aggregates by determining their 1-, 2-and 3-dimensional fractal numbers D F1 , D F2 and D F3 , respectively. The number of individual particles (N ) composing a fractal aggregate increases non-linearly with its size and can be described by the power relationship (Logan & Wilkinson 1990) :
where D Fn is the fractal dimension determined for the object in n dimensions, and l is the maximum length of the aggregate. Since phytoplankton aggregates and their constitutive particles have finite sizes, they are not strictly self-similar at all scales and their fractal dimensions are approximations to real fractal dimensions obtained only for infinite size objects. The fractal dimension describes intuitively how much the individual particles fill the available space when they aggregate (e.g. Logan & Wilkinson 1990 , Kilps et al. 1994 , Jackson 1998 , Burd & Jackson 2009 and is an indicator of particle compactness.
The maxima of D F1 = 1, D F2 = 2 and D F3 = 3 are reached for Euclidean objects. For instance, D F3 = 3 describes a solid compact sphere having no porosity where all individual particles filled the total volume available when they assembled. Unlike Euclidean objects, aggregates formed in marine systems, such as marine snow, have lower fractal dimension than their maximum values (Logan & Wilkinson 1990) . It im plies that the number of particles filling the space during aggregation increases at a lower rate than aggregate maximum length does. It results in the important property that marine snow has a porosity increasing with size (Logan & Wilkinson 1990) , consequently reducing its excess density.
Following Kilps et al. (1994) , the 1-and 2-dimensional fractal numbers (D F1 and D F2 ), were calculated from the slopes of log−log relationships of perimeter and area respectively, against the Feret's diameter representing the largest dimension (e.g. Engel et al. 2009 ). The 3-dimensional fractal number (D F3 ) can be calculated from the slope of a log−log relationship between solid content (1 -Porosity) and the largest diameter l, according to the formula proposed by Logan & Wilkinson (1990) :
where a is an empirical constant. Due to large uncertainties on solid content estimates, especially for TEP (see 'Chemical measurements' below), D F3 values for the experimental aggregates could not be reliably obtained, and only D F1 and D F2 results, based on image analysis, are presented. To avoid any bias due to small scale heterogeneity between images, no conversion from pixels to size unit was made for D F1 and D F2 determination.
Sinking velocity measurements
A non-destructive method was required to measure the sinking velocity and still be able to conduct other analyses on single aggregates. A method based on video recording the rotating tanks was not applicable onboard because of the ship motion altering the trajectories of particles. Instead, all the settling rates were measured directly inside the tanks using a 13.5 mm diameter and 23 cm long pipette acting as a static column. Right after the morphological measurements, the pipette was inserted and filled with water sampled at the surface of the tank. An aggregate was then selected at the bottom and gently sucked up into the pipette to the height of the water in the tank. The aggregate then sank freely in the column for several centimeters, and the average sinking velocity was measured over a distance of 7 cm at its apparent terminal velocity. Working directly inside the tanks avoided any transfer of the aggregates likely to alter their structure. Only 1 measurement was done on each aggregate due to their extremely fragile nature and the high probability of breaking, matter loss or structural alteration occuring during repeated manipulations, which would have flawed the study.
The length and diameter of the pipette limited the influence of turbulence induced by ship motion, which otherwise could be responsible for a bias in sinking velocity measurements. Nevertheless, our column dimensions presented possible issues worthy of evaluation. Specifically, the method would be in error if (1) wall effects affected aggregate sinking velocity without a clear correlation with size, thus recluding a reliable correction, or (2) aggregates did not reach their terminal velocity during settling. We determined the wall factor (f; Chhabra 1995), defined as the ratio between the assumed terminal velocity of a particle in our pipette to that in a 50 cm high and 20 cm wide cylinder considered as an unbounded medium. Following the protocol of Ploug et al. (2010) , we made agar spheres of 0.4 to 1 cm, used as model particles and covering most of the size range of our roller tank aggregates. The deviation to the Stokes' law expectations for our pipette and large cylinder was assessed by the use of 1 mm polystyrene beads (Duke Scientific, 4400A, 1004 ± 20 µm, ρ = 1.05 g cm ). Over more than 70 measurements, polystyrene beads sank at very similar velocities in the large cylinder and pipette (mean ± SD: 941 ± 37 and 911 ± 51 m d −1 , respectively) suggesting that the pipette induced a negligible wall effect and permitted the particles to sink close to their terminal velocity. At this water temperature and salinity, theoretical expectations from Stokes' law for the minimum and maximum bead sizes possibly encountered in our batch (984 and 1024 µm) led to sinking velocities of 862 and 933 m d , respectively, very close to our experimental values. For larger particles, modeled by agar spheres, the pipette induced a wall effect well correlated with size: f = −0.084 × ESD (mm) + 1.1 (n = 28, r 2 = 0.98, p < 0.005). A correction based on this correlation was applied on our aggregate sinking velocities. In addition, as a precaution, all sinking velocity measurements of aggregates > 8 mm ESD (where the largest correction applies) were excluded from the study. The correction augmented the measured values by 50 ± 30% on average. It corresponded to an increase of 30 ± 29 m d −1 and represented a limited alteration of the raw data, which extended over 2 orders of magnitude.
Chemical measurements
Each individual aggregate was collected in 10 ml of tank water and directly processed or stored <1 d at 2°C in 15 ml Falcon tubes. These 10 ml were homogenized and then divided into thirds for particulate organic carbon (POC), BSi and TEP measurements. Since each aggregate was sampled along with 10 ml of tank water, these 3 components were also measured in the tank water, and that amount was subtracted to yield the amount contained only within the aggregate.
BSi was measured following the alkaline extraction and colorimetric analysis procedure of Ragueneau et al. (2005) . Subsamples were filtered onto 25 mm polycarbonate 0.4 µm pore filters, dried at 60°C in Eppendorf vials, sealed and stored at room temperature until analysis.
TEP were measured using a spectrophotometric method in accordance with . Subsamples were filtered onto 25 mm polycarbonate 0.4 µm pore filters and stained with 500 µl of a 0.02% aquaeous solution of Alcian blue in 0.06% acetic acid. The filters were stored in Eppendorf vials and immediately frozen at −20°C. Prior to analysis, all samples were soaked onboard for 2 h in 6 ml of 80% H 2 SO 4 to redissolve the stain. The absorbance of the solution was measured at 787 nm with a spectrophotometer to quantify the TEP. The calibration curve relating the absorbance to the amount of TEP was established in the laboratory after the voyage with the remaining Alcian blue stock, using a protocol modified from .
TEP determination is semi-quantitative, as the chemical composition varies and is mostly unknown (Passow 2012) . The accuracy of measured TEP content depends on the ability of the batch of xanthan gum (XG) to behave like TEP during the calibration, and on variations in Alcian blue staining properties between measurements done onboard and calibration done in the laboratory. The use of different batches of XG or Alcian blue leads therefore to a high variability and renders difficult quantitative comparisons between distinct works. Alcian blue is a hydrophilic cationic dye that complexes with anionic carboxyl or halfester-sulfate groups of acidic polysaccharides, and the selectivity of the stain depends on the pH and salt content of the dye solution . These properties are of course altered during the staining process, further influencing the possibility of variable or non-specific staining. In addition, the ratio of non-TEP material potentially stainable by Alcian blue to strict TEP may be higher in small or low TEP content samples.
POC content was determined by CHN elemental analysis using a Thermo Finnigan EA1112 Flash Elemen tal Analyser and acetanilide standards. Each subsample was filtered through a Sartorius T293 13 mm quartz filter (polycarbonate filter holder) with a nominal pore size of 0.8 µm (precombusted at 450°C for 4 h in clean foil to remove carbon contamination). The filters were blown dry using filtered air and then transferred to a clean, gravity circulation oven and dried at 50°C for more than 48 h. On completion of the sample set, the dry filters were loaded into silver 5 × 9 mm capsules (Sercon SC0037), acidified with 40 µl of 2 N HCl, dried for at least 48 h at 60°C, en capsulated and then stored over silica gel. Aggregate content in POM was estimated from POC values assuming a POM:POC mass ratio of 1.87 (Anderson 1995) .
Particulate inorganic carbon (PIC), a potentially important ballast mineral, was not measured because analyses of particles collected by large volume filtration revealed PIC to be very low, at levels that would have been below detection in the individual aggregates.
Microscope observations
Each aggregate reserved for microscopic observation was collected in Eppendorf vials in 1.5 ml of tank water and preserved with 1 drop of Lugol's solution. In the laboratory, the samples were re suspended in 3 ml of artificial seawater and transfered to a microscopy chamber for observation with a Zeiss Axio Observer A1 high-magnification inverted microscope. An average of 60 pictures per sample was taken at several magnifications (×160, 320 and 640) to cover the entire observable field. Pictures were used to identify numbers, sizes and genera (or species when possible) of phytoplankton and other organisms. An average cell diameter (or maximum length for non-circular species), excluding the length of setae (spines) when present, was calculated by sizing a few to >10 specimens of the organism, depending on its abundance in the aggregate. In order to investigate the potential influence of various phytoplankton morpho logical types on the sinking velocity, proportions of chain diatoms without setae (e.g. Fragilariopsis spp. and Eucampia antarctica) and small setaeforming diatoms (e.g. Chaetoceros spp.) were calculated. For simplicity, we refer to chain diatoms without setae as 'type 1' and to small setae-forming diatoms as 'type 2' in the rest of the text.
Multivariate analyses
Multiple regression analyses were conducted to quantify the relative contribution of size, as opposed to the other factors measured, in the prediction of sinking velocity variations. All analyses were performed using the statistical computing language and environment R. Since chemical composition and phytoplankton type contents were analysed on 2 different sets of aggregates, 2 distinct multiple regressions were carried out. The first model, fitted to the chemical composition data (fit 1), regressed sinking velocity against projected area, volume, ESD, Corey shape factor (CSF), aspect ratio (AR), and average mass fractions of BSi, POM and TEP in aggregate solid contents; the second model, fitted to the phytoplankton data (fit 2), regressed sinking velocity against projected area, volume, ESD, CSF, AR, and average type 1 and type 2 phytoplankton cell fractions in aggregates.
Linear regressions were applied, and the relative contribution of the parameters to the correlation was assessed by estimating the variation on the correlation coefficient (r 2 ) induced by removals of terms from the fit. To limit biases due to collinearity, parameters indicating the same aggregate property (size, shape, chemical or phytoplankton composition), were grouped and removed together. To identify aggregate properties playing the most important controls on the sinking velocity, ANOVAs were performed; the 2 models containing all terms (fits 1 and 2) were compared to the reduced models by a reduced sums of square F-test; with p < 0.05 used as indicator of a significant change.
RESULTS
All morphological properties and compositions of the aggregates are reported in Table 1 . Comparisons of sinking velocity and several aggregate properties from morphology (AR and CSF) to composition (BSi, TEP, POM and plankton content) were conducted to assess the possible effect of sampling depth on aggregate properties. No significant statistical difference was found between aggregates made from water sampled in surface layers and deeper layers (1 > p > 0.45) for a selected sample of the measured properties (sinking velocity, shape, chemical composition, phytoplankton content), and thus no distinction is made between these 2 aggregate groups in the rest of the study.
Sinking velocity
Sinking velocity data, corrected for wall effects, ranged from 13 to 260 m d −1 (1 aggregate sank at 569 m d -1 but this extreme value was excluded, along with all sinking velocity measurements for aggregates > 8 mm ESD, as explained in 'Materials and methods: Sinking velocity measurements'). In Fig. 3 , data from each site are compared to expectations from the Stokes' law and general sinking velocity models for porous fractal particles. For these expectations, theoretical excess densities were calculated assuming 3 major solid components in fixed volume fractions (TEP:0.3, BSi:0.2, POM:0.5). These proportions are based on measured values of BSi and POC presenting the best scaling with size (see Fig. 6 ) and using a TEP:POC mass ratio of 0.7 (Alldredge et al. 1998 , Martin et al. 2011 
chosen according to the conditions existing in the tanks (T = ~10°C and S = 34).
Using the drag coefficient calculated at an observed data point from its sinking velocity and size (called here 'specific conditions'), the apparent Reynolds number for this particle was determined by solving numerically the empirical relationship from White (1974) , valid for a large range of Re (0.5 < Re < 2 × 10 5 ):
The general model curves for other particle sizes were then calculated from this chosen observed value and the linear proportionality between Re and size, i.e. as embedded in the definition of the Reynolds number (Eq. 2).
The variation in the relationship between sinking velocity and size was explored for different fractal dimension D F3 , empirical constant a (Eq. 8), and specific conditions determining distinct initial drag coefficients. Fig. 3A shows that the steepest slope is obtained for the solid spheres (D F3 = 3) of the Stokes' law model assuming a constant particle excess density. The different general sinking velocity models display decreasing slopes for D F3 values from 1.8 to 1.2, leading to a possible decrease of the sinking velocity with increasing size for low fractal numbers. This result suggests that for high fractal dimensions (compact aggregates), the size exerts a stronger control on the sinking velocity than for lower fractal dimensions (loose aggregates), and highlights the possible dominance of structure over size. For distinct specific conditions (distinct initial drag coefficients; 1 and 2 on Fig. 3A) , the solutions converge when size increases, consistent with a decreasing in fluence of the drag coefficient in comparison to size. Fig. 3B illustrates the sensitivity of the model curves to the empirical constant a, for 2 distinct fractal dimensions. The large variations of the curve slopes for a varying over several orders of magnitude (0.001 to 100), and particularly for small values of a, suggests that an accurate characterization of aggregate structure requires the fractal dimension to be used in combination with the constant a. Fig. 3C shows tight correlations between sinking velocity and ESD when considering each site separately, suggesting the existence of site-specific parameters which alter the size−sinking velocity relationship. The general sinking velocity models are compared to data from each experiment with specific conditions of sinking velocity and ESD of each model corresponding to an average of all data of the experiment considered, assumed to reflect its drag characteristics. The best model fits to the data, agreeing with realistic values expected for marine snow, were obtained by decreasing D F3 from 1.8 in experiments with the highest sinking velocities, to 1.2 in experiments with the lowest sinking velocities. Data slopes were reproduced by the model curves with variable accuracy, suggesting that fractal structure may have varied from one experiment to another. 
Morphology and fractal numbers D F1 and D F2
Aggregates formed in roller tanks had similar shapes to aggregates collected in polyacrylamide gel-filled sediment traps at similar times and locations (Fig. 4) . Maximum lengths ranged from 3 to 20 mm, and projected areas from 1.3 to 118 mm 2 , leading to ESD of 1.3 to 12.3 mm (Table 1) and volumes of 1.1 to 965 µl. Their aspect ratios extended from 1.03 to 4.15, except one very long 'cometshaped' aggregate with an extreme value of 13. The Corey shape factors ranged from 0.26 to 0.95. Overall, aggregates produced in roller tank experiments were bigger than natural aggregates (ESD: ~0.1 to 1.4 mm). This is the result of our choice to maintain incubations over a duration long enough to provide sufficient material for the chemical measurements.
Fractal numbers D F1 and D F2 of aggregates produced in roller tanks were 1.49 ± 0.16 and 1.82 ± 0.18 respectively (Fig. 5) , and also close to those of natural aggregates calculated with the same method (D F1 = 1.25 ± 0.006 and D F2 = 1.86 ± 0.015), suggesting similar fractal structure.
Solid components (BSi, POC, TEP)
The amount of BSi in aggregates increased with size with values ranging from 0.09 to 3.6 µmol (Fig. 6) . Values of POC and TEP in aggregates ranged from 0.28 to 13 µmol and 60.5 to 488 µg XG equivalent, respectively. POC content in aggregates from the 
High-resolution pictures and phytoplankton content
Aggregates from different sites displayed diverse aspects, colors and apparent compositions as shown in high-resolution pictures (Fig. 7) . Similar observations were done on natural particles collected in polyacrylamide gel traps at the same sites. Aspects ranged from compact yellow aggregates (e.g. Fig. 7A ,B & G) to very fluffy, green and fragile aggregates (e.g. Fig. 7C,E & H) . Microscopic observations revealed distinct phytoplankton species assemblages composing the roller tank aggregates (Fig. 7J−L) . The proportion and average sizes of phytoplankton cells for the main species or genera identified in the aggregates are reported in Table 2 . The largest average proportions of the total organisms counted in all aggregates in descending order were Chaetoceros subgenus Hyalochaete spp. (mean ± SD: 27 ± 24%); Fragilariopsis spp. (19 ± 20%) including the species kerguelensis and rhombica; small centrics represented mainly by Thalassiosira spp. (13 ± 15%) ; Pseudo-nitzschia spp. (11 ± 7%); and Eucampia antarctica (7 ± 8%). The average cell diameter measured over each species ranged from 13.6 ± 1.94 to 91.8 ± 23.3 µm. Phytoplankton classified as type 1 (see 'Materials and methods: Microscopic observations') ranged from 0.24 (Stn A3-2) to 70% (Stn E-3) of total organisms counted in aggregates. Type 2 represented 0 (Stn E-3) to 84.8% (Stn A3-2).
Sinking velocity controls
Results of the multiple regression analyses (Table 3) suggest that chemical composition and phytoplankton cell length and type predict the largest part of sinking velocity variations, overcoming the effect of aggregate size or shape. A decrease in the correlation coefficient (r 2 ) of 0.26 and 0.32 was induced by the removal of chemical composition and phytoplankton type terms, respectively. ANOVA F-tests revealed that models reduced from chemical composition and phytoplankton types were significantly different from the initial models (p < 0.05). Conversely, the removal of aggregate size terms from fits 1 and 2 led to decreases in r 2 of 0.17 and 0.12 respectively. The removal of aggregate shape terms from fits 1 and 2 induced decreases of r 2 of 0.09 and 0.03 respectively. None of the models reduced from size or shape terms were significantly different from the complete models.
Two additional multiple regressions were performed to identify which of chemical composition or phytoplankton types presented the best correlation to sinking velocity. This was done by removing aggregate size and shape parameters at the same time from the initial fits (Table 3 bottom row), leaving chemical composition and phytoplankton type as unique aggregate properties in fit 1 and fit 2, respectively. A better fit was obtained when sinking velocity was regressed against phytoplankton types than against chemical composition (n = 30; r 2 = 0.36; p < 0.05, and n = 31; r 2 = 0.21; p < 0.5, respectively). In addition, data of shape (Corey shape factor and aspect ratio) and solid content (BSi, TEP, POM) were explored separately by site (Fig. 8A−E) . Results suggest that shape and chemical composition are not site-dependent and exert no clear influence on the sinking velocity. According to our main hypothesis, Table 2 . Phytoplankton species or genera proportions (% mean ± SD) in aggregates (agg.) and their cell diameter (ø, mean ± SD) at 6 stations. In bold:
the 2 major species or genera at each station; the **most and *second most abundant species or genera encountered in aggregates from at least 1 station are also indicated dominant phytoplankton cell size and morphological types were further investigated as indirect controls of the sinking velocity ( Fig. 8F−H (1) had low proportions of type 1 (15 ± 13%) and high proportions of type 2 (44 ± 24%).
DISCUSSION
Our image analyses suggested that the structure of aggregates produced in roller tanks were similar to those of natural aggregates collected in gel traps during KEOPS2. The fractal numbers D F1 and D F2 were close to those of natural particles, suggesting that aggregation processes in the roller tanks were somewhat similar to those acting in the water column. This is an encouraging result toward the applicability of this experiment to natural conditions, but needs considerable caution, especially since roller tank experiments have been previously shown to poorly simulate natural aggregation processes and should not be used for quantitative studies (Jackson 1994) . Aggregates formed in the roller tanks were consistently bigger than natural aggregates collected in gel traps. One major feature of roller tank experiments which differs from natural conditions is that fast-sinking particles cannot escape from the tank and tend to form continuously larger particles until complete clearing of the water. Thus, the size of aggregates formed in roller tank experiments depends mainly on the duration of incubation. However, the main objective here was to form marine snow aggregates from a natural mixture of phytoplankton and test if variations in their composition and structure was related to sinking velocity variations. Even if aggregates formed in this experiment were far from natural particles encountered at the same sites (which does not seem to be the case according to our observations), they still can serve as model aggregates to identify factors altering the size−sinking velocity relationship.
While the overall correlation between sinking velocity and particle size is quite weak in our results, several sites exhibited reasonably tight correlations (Fig. 3C ) and with slopes reasonably close to those expected from general sinking velocity models. This suggests that differences in the initial compositions might be responsible for the overall weak correlation observed when combining all aggregates from distinct sites. A match between size−sinking velocity model curves and experimental data from each site was obtained by varying the fractal dimension, indicator of particle compactness. In combination, these 2 results suggest that distinct particle sources sampled at different sites formed aggregates having different composition, structure and sinking velocity. Also, the size−sinking velocity relationship appears to be preserved for the most compact aggregates, suggesting that a reduction of the porosity could restore size as a controlling factor. Iversen & Ploug (2010) compared size−sinking velocity relationships for different types of aggregates formed from different primary particles. They also noted a correlation of sinking velocity with size only within homogeneous sources of aggregates, but when compared across different aggregate composition, the sinking velocity appeared sizeindependent.
Overall, our results suggested a poor contribution from size, shape or chemical composition in aggregate sinking velocity variation among sites. The multiple regression analyses performed (Table 3) showed that among all the aggregate properties tested in our experiment, phytoplankton cell type seemed the best property to explain sinking velocity variation. The 2 distinct morphological categories that we selected (type 1: Eucampia antarctica and Fragilariopsis spp.; and type 2: Chaetoceros spp.) could have influenced the sinking velocity either by ballast effect (Waite et al. 1997a , Ploug et al. 2008 , Iversen & Ploug 2010 , Miklasz & Denny 2010 , or by influencing aggregate structure through distinct aggregation processes. The absence of correlation between BSi mass fraction in aggregate solid content (Fig. 8D) suggests that a ballast effect did not explain a large part of sinking velocity variation; the observed increase in BSi with aggregate volume (Fig. 6) , as expected for diatom aggregates, suggesting reliable measurements for this component.
Setae are known to promote phytoplankton coagulation by increasing the efficiency of 'mechanical' sticking upon contact (Alldredge & Gotschalk 1989 , Kiorboe et al. 1990 . Stickiness (i.e. the probability that 2 particles become attached upon collision) has been demonstrated to be species-specific (Kiorboe et al. 1990 , Crocker & Passow 1995 , and Waite et al. (1997b) noted that spine formation, cell surface bound sugars, and TEP controlled phytoplankton cell stickiness and played a role in determining aggregate structure via coagulation processes. High sticking efficiency is not subject only to cell morphology and depends on various other factors including TEP production, which plays a central role in coagulation (Kiorboe & Hansen 1993 , Dam & Drapeau 1995 , Jackson 1995 , Thornton 2002 . Cell concentration and size have also been demonstrated to be critical parameters for coagulation processes during algal blooms (Jackson 1990) ; high algal concentration increases the probability of encounter, and thus a high coagulation efficiency, provided that cell stickiness is sufficiently high and the cells are sufficiently large. Logan & Wilkinson (1990) used fractal geometry to test if colloidal aggregation mechanisms, well described for inorganic particles, were applicable to marine snow aggregates. They suggested that different types of aggregates form as a function of different particle stickiness and thus collision efficiencies. If the probability of sticking upon collision is high, cells will efficiently stick when they encounter and form highly porous and tenuous structures (diffusionlimited aggregation or DLA). In contrast, if several collisions are required, then more solid and compact aggregates are formed (reaction-limited aggregation or RLA). Meakin (1991) suggested that the processes forming marine aggregates are likely to correspond closely to the diffusion-and reaction-limited cluster−cluster aggregation mechanisms described for colloids. Aggregates formed through these 2 mechanisms may thus have distinct compactness affecting their sinking velocity.
To explore further the hypothesis that speciesspecific coagulation efficiencies were responsible for different aggregate compactness influencing the sinking velocity, we widened our morphological classification (type 1 and 2) to include the most and second most abundant phytoplankton genera in our samples (Table 2 ). Overall, 6 species dominated aggregate composition: Chaetoceros (Hyalo chaete) spp., Pseudo-nitzschia spp., Fragilariopsis spp., E. antarctica, Thalassionema nitzschioides and small centrics. Chaetoceros (Hyalochaete) spp. was classified as type 2, along with Pseudo-nitzschia spp., (even though not producing setae) due to their morphology facilitating attachment upon collision; Fragilariopsis spp., E. antarctica, T. nitzschioides and small centric diatoms were classified as type 1. A strong linear relationship was found between the average proportion of phytoplankton cells of type 2 and the average sinking velocity recorded at each station ( Fig. 9 ; Stn E-4E was considered an outlier, rejected at 95% confidence and excluded from the fit). In contrast to other aggregates, Stn E-4E particles contained a relatively large abundance of fecal pellets (Fig. 7D) . Because fecal pellets are tightly packaged material formed by biological ag gregation, this may have increased aggregate density and compactness and thus altered the relation between dominant phytoplankton types and aggregate sinking velocity. Certainly fecal pellets on their own are known to have high densities and sinking velocities (Fowler & Small 1972 , Small et al. 1979 , Yoon et al. 2001 . This result emphasizes the complexity of controls on the sinking velocities of marine snow and the importance of ecological considerations, suggesting that controlling factors may vary at very small spatio-temporal scales.
The variations in the dominance of the 2 phytoplankton types appears to have some relationship to biomass levels at the different stations, and perhaps to the intensity of iron fertilization. For instance, Stns A3-2 and E-4W, where the genus Chaetoceros subgenus Hyalochaete was dominant, displayed high biomass -characteristic of bloom conditionsand are known to be under the influence of natural iron fertilization , Quéroué et al. 2015 . Conversely, Stn E-3 was largely dominated by the ribbon-chain diatom Fragilariopsis spp. and was in a central region of moderate biomass with less iron enrichment. Evaluating the generality of our results will require observations on aggregates across varying levels of total biomass and ecological community structure. When comparing these environments, it is important to note that phytoplankton community composition and total biomass can have somewhat independent effects on aggregate sinking velocities; i.e. even for setae-forming species, if biomass is sufficient for aggregation to continue until very large particles are formed, then high sinking velocities can still be obtained. This could explain the EIFEX iron fertilization experiment results, during which the setaeforming diatom C. dichaeta was abundant, and for which transmissometry profiles were interpreted as representing cm-sized aggregates sinking at rates > 500 m d −1 (Smetacek et al. 2012) . These results are compatible with the perspectives developed here, to the extent that the very large size of the aggregates could have outweighed the expectation of low sinking velocities for aggregates formed from this species. Without any direct observations on either the aggregates or their sinking velocities during EIFEX, it is of course possible that other factors were at play, such as the myriad of influences on sinking velocities as summarized in the introduction, and the diverse nature of deep ocean particles, including living organisms (Silver & Gowing 1991) .
From a cautionary perspective, this study emphasizes that predictions of marine snow sinking velocity should not be based only on size parameterizations, and certainly should not assume that sinking velocities will always increase with size. Further studies may eventually identify those phytoplankton types which are most readily assembled into rapid sinking aggregates, by either physical or biological aggregation, as a path towards greater predictability of carbon export and biological pump efficiencies. 
